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Dislocation Density Contour Plot
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ADVANCED SILICON SHEET

NEXEIXIO IMYV ~AX—A~UNZMO ZQ—~—DOGH WD

Dislocation Density Along Y = O (Centerline)
T=1412-110. 74xX+3, SuXun2

LINE 1 FOR WIDTH=8 CM LINE 2 FOR WIDTH=7 CM
LINE 3 FOR WIDTH=6 CM LINE 4 FOR RIDTH=4 CM

' 2C = Tean
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Dislocation density along the centerline of the
ribbon for the parabolic thermal profile of Eq.

(4-8), initial dislocation density = 0.5 cm <,

and width = 8, 7, €, 4 c=.
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AGVANCED SILICON SHEET

Final Dislocation Density Along the Ribbon
Width for Westinghcuse Profile

LENGTH = 12 CM, WIDTH = 3.5 CM
STAR FJR NO = 13 /CMxx2
DIAMOND FOR MO = 5 /CMxx2
SQUARE FOR NO = 1 /CMx»2
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R/T=0

=1 PER CMxx2

NO=0, 25/CMun2,

Dislocation Density Contour Plot
UNIT OF X RAND Y=CM,

WESTINGHOUSE PROFILE,

ADVANCED SILICON SHEET
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ADVANCED SILICCN SHEET

Disiccation Density Contour Plot
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ADVANCED SILICON SHEET

Effective Plastic Strain Rate
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ADVANCED SILICON SHEET

Effective Plastic Strain Rate

R/T=1.6667 MM

NO =0. 37S5/CMnn?2
=8 CV,
I=10xx-S PER SEC

LENGTH
UNIT OF X AND Y=CM
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wnuwumMmMID—AW rDCO—uvyMm?>D

DIV

Residual Stress XX Along Ribbon
Width for Westinghouse Profile

LENGTH = 12 CM, HWIOTH = 3.5 CM
STAR FOR NO = 13 /CMxx2
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ADVANCED SILICON SHEET
ORIGINAL PAGE IS
Deflection Shape  9F POOR QUALITY
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ADVANCED SILICON SHEET

HALF-W]DTH
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ADVANCED SILICON SHEET

Topics

1 Dislocation Motion

f) Problen Formulation
B) Calculation of Forces
o () Iracking the motion of a single Dislocation

2 Dislocation Multiplication & Density

o f) Three mthods of calculations - hased on resoived sher stresses on
pach slip systen

o B) Dislocation dansity by averaging the | shear stresses | in 0.3 cn.
vidths of ribbon, (starting at x = 0.2 cm.)
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A ADVANCED SILICON SHEET
i

Possible Dislocations in the Silicon Crystal

burgers vector tangent vector slip plane type of dislocation

' <-10-1>

<-10-1>

(-l -1 1),left, screw

<01 1> Jeft, 60' (<120
= 1-1 0> = Lleft, 60' (+12 )
o = <1-2-1> = left, edge
' ; <01 1> <01 1> = left, screw
-‘ik’{- = 1-1 0> = left, 60' (+120"
- = <-10-1> = left, 60' (-120") v~
P = <2 T-1> = left, edge
L <-11 0> <11 0> = left, screw
: = <0-1-1> = left, 60" (-120'
'. = <10 1> = left, 60' (+120 \/
. S = 1-12> = ,left, edge
‘ <10-1> <10-1> -11 1),nh screw
= <-1-10> = %1 " (-120'
= <01 1> = ,ng t, 60’ (+120
= <-1-2-1> = ng ht, edge
<0-1-1> <0-1-1> = %:t SCTEW
= <1 10> = t, 60' (-120'
| = <10 1> = ,nght, 60' (+120%
= <2-11> = ,right, edge
<110> <110> = ,right, screw
= <-10 1> = ,nght 60' (+1209
= <0-1-1> = ,nght, 60' (-120") v
= <-11-2> = ,right, edge
. <0-1 1> <0-1 1> (-11 1 transv,. screw
= <110> = Ltransv., 60" (+120)"
. - .<-10-1> = ’transv., 60' (-120") v~
‘. = <21 1> = transv., edge
. <l110> <110 = tansv screw
= <0-1 I = t:ransv 60' (+1209
= <-10-1> = ,transv., 60' (-120") /
= <1-12> = ,transv., edge
<10 1> <10 1> = transv screw
= <-1-10> = transv., 60' { %
= <0 1-1> =, ansv., 60' +120
= <-1-21> «  transv., ed ge

Growth direction to the melt is <2 -1 <15,
For the motion of the dxslocatwns, 60’ dislocations that have
-120 degree with the bur; l%ers vector will be chosen because these .
,/ 60" dxslocatxons may multiply themselves more than +120' type 60
dislocations as many investigators observed.

gé; Surface of the ribbon is (1 1 1) plane.

Y

ORIGINAL PAGE
. OF PCOR QUALMTY

Vol
*"f‘h 7
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ADVANCED SiLICON SHEET

Assumptions
(1) Fhe density of dislocation at the liquid solid interface is uniform
W% (2) The pulling rate of the ribbon is 3cm/min.
<3 (3) Dislocations can move only in active slip systems that have their
resolved shear stress higher than 95% of the most active slip system that
has maximum Schmid Factor.

(4) Average velocity of the dislocations in the presence ~f other
dislocations is almost same as the velocity of isolated dislocation.
Equivalent to low dislocation density.

» ¢(5) The velocity equation proposed by K.Sumino
V = V, T exp(-EXKT)

where E is 2.2 eV for 60' and 2.35 eV for screw,
V,, is 0.035 for screw and 0.01 m3 / MN.sec for 60'.

is still valid at high temperature like around melting temperature.
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ADVANCED SILICON SHEET

Motion of Dislocation
$=R/2(-1 1 §),Tel(l @ L), M=(-] -1 1)

X
2.25

2.00

UNIT OF AXES ARE CM
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t

Motion of the Dislocations Emerging to the Surface

possible 60'dislocations emerging to the surface

‘ burges's vector tangent vecto: plane motion
y;;"{!‘,
a2(-1 0-1) (011 (-1-1 1) left strong
a2(-1 1 0) (0-1-1) (-1-1 1) *
a2¢-1100 (101) (-1-1 1) split
&/2(03 1) (-10-1) (-1-1 1) right weak
“ a2(10-1) (011 (-1 1-1) right strong
a2(10-1) (1-10) (-11-1) *
; a2(1106) (0-1-1) (-1 1-1) =
= ¥2(0-1-1) (11°0) (-1 1-1) right weak
a2(0-11) (10-1) (1-1-1) right strong
a2(0-11) (1-10) (1-1-1) left strong
¥2(101) (1-10) (1-1-1)left weak
¥2(110) (101 (1-1-1) left weak
v
: * . These are T™rced :nto the liquid
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ADVANCED SILICON SHEET

Calculation of the Density of Dislocations

From the K. Sumino's equation of dislocation multiplication

== dNm=KKo Nm1 (Ta-G b SQRT(Nzm2)/ B Y™+ L) exp(-Q/KT) dt —(A)
where K,Ko,b, B ,m, % ,lc,Q are constants given by K.Sumino
Nm's ; dislocation density
Nm1l o source density
Nm2 is the density controlling the back stress
Ta ; applied stresses
T ; temperature
G ; shear modulus

t ;time

Three possible ways of application of the squation (A)
(1) Nml and Nm2 are total density of dislocations
(2) Nm1! is the partial density of dislocations on each slip system and
Nm2 is the total density of dislocaitons-

(3) Both Nm's are partial densities of disloations on each slip system
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ADVANCED SILICON SHEET

Method Calculating Dislocation Density

Nmj Nmjp

(1) [>RSS; I total density =Nmj = Nmp
dNm = dNmj = dNmj

§
(2) I>RSS; L total density = ‘,\'_ (Nmy)j = Nm2
dNmj = : (dNm);

? ?
3) I->RSS; L total density = ; (Nmy); = ;, (Nm»2)
(dNm);j = (dNm2);

272
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ADVANCED SILICON SHEET

Total Density of Dislocation Using YI, YTOT and DGEAR

LAMDR 1S 1.0
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ADVANCED SILICON SHEET

Total Density of Dislocation Using YI, YI and DGEAR

.LAMDR [S 1.0

[NITIAL TOTAL DENSITY [S 30/M=m2

1.351.50

l‘ 20

0s
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0. 00
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i ADVANCED SILICON SHEET
;
i Averaging the |ra| in Calculating Density
ff 5.0
X
cm
v': |
1
;
1 2 3
|
| ¢ F&0rT atr O.2
7 0.0 4 i | > liq-sol. interface r&8m
00 03 10 1.5 Y (cm)
| |
center edge'
column 1 :* ,column 2 ;, ¢ column3; O
-
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Nine Slip Systems

burger's vector  slip plane  type of plane

' a/2(101) (-1-1 1) left

-.!!::".‘
a2(011) (-1-1 1) left
a2(-110) (-1-11) left
a2(10-1) (-1 1-1) right
a2(110) (-1 1-1) right
¥2(011) (-1 1-1) right
a/2¢(0-11) (1-1-1) transverse
a2(101) (1-1-1) transverse
a2(110) (1-1-1) transverse

/

.

- b

T eé
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ADVANCED SILICON SHEET .

Density of Dislocations When NO is 1 at x = 0.2 cm J
. TYPE OF DISLOCATION, Bafz211 | O, Tw(l 1 O3, Naf=y 1 -1) :
Ya0.225-STRR, YuG.75-01RMOND , f«i.275-30URA, USING RVERG. STRESS :
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o e .
3.0040 o PY
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o e [ ]
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ADVANCED SILICON SHEET

Density of Dislocations When NO is 1 at x = 0.2 cm

TWPE QF OJSLOCRTI«ON BaR/2(1 0 1), Te(1 Q@ 1) N=( 1 <))
225-STAR, TYaO. 75 -0JRNOND =i, 275-30 RRE

X
3.25
. o 8
a0 38 E
2.50 ég nn"n
2.09 é E °°u°
o R edge
1.75 § § nn"o
1. 50 § :: noou
1.25 E ::- nnnn
e 7 (HT) T
53 (11D ,
0.75 §§ e
o8 N/ /
] 0.50 E§ \ ’-"/ ﬂ
0.25 ? b:T
0.004 N vrtereniie ‘ I
6 2 4 6 610 12 14 16 8 20 22 H
14}
UNIT OF X IS CM, Z IS DENSITY IN 1/M**2
"f.t.:f
z!
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ADVANCED SILICON SHEET

) Density of Dislocations When MO is 1 at x = 0.2 cm
.'*;“. . TIPE OF DISLOCATION, BeR/2(0 1 1),Tet8 1 $),Me(~t 1 ~1)
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ADVANCED SILICON SHEET

Dislocation Multiplication by Stress Averaging Over 0.5 cm

Dislocation Multiplicatior
Factor
iy Kl Tupe nter  Mid-Width Edge
(1013 rﬁu L 750 50 1
1] (i1 L 2.5 3.5 5
(1101 (i1 L 23 { 2
(e (i R 750 50 1
(el (i R 12 1 50
S LI A VY D! R 1 2.5 25
SUTS I ESIY) ! 1 3 24
[110) 14l 1 2 3 10
L] Ll T 1.5 66 37
Calculations started at x=0.2 cm,
if 1 : ‘ |
/!
:/’ | . - X
CM ,\ ‘f\..-r \.‘:\
S ‘:\ "‘
\l
4‘ ]
L q'y 1Sem
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Dislocation Distribution in Web Dendrite Ribbon
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ADVANCED SILICON SHEET

R. S. STRESS (MPa)

R. S. STRESS (MPa)

Cz Temperature Dependence

a 1E-03 sec’
P - -t
26 10-75&-1 a |E-04 S«
o 1E-05 sec”
21
16
114
6
l T T T Y
800 900 1000 1100 1200
TEMPERATURE (deg. 0
Cz Strain Rate Dependence
~ 1200C
= 1100C
« 1000C
o 900C
1E 14
: - . —
1E-6 1E-4 1£-3

IE-5 o
STRAIN RATE (/sec)
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ADVANCED SILICON SHEET

Cz Temperature Dependence
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